BACKGROUND: Patients with prior positive tuberculin skin test (TST) results may benefit from prophylaxis after repeat exposure to infectious tuberculosis (TB). OBJECTIVE: To evaluate factors associated with active TB disease among persons with prior positive TST results named as contacts of persons with infectious TB. DESIGN: Population-based retrospective cohort study. PARTICIPANTS: A total of 2,933 contacts with prior positive TST results recently exposed to infectious TB identified in New York City's TB registry during the period from January 1, 1997 through December 31, 2003. MAIN MEASUREMENTS: Contacts developing active TB disease ≤ 4 years after exposure were identified and compared with those who did not, using Poisson regression analysis. Genotyping was performed on selected Mycobacterium tuberculosis-positive isolates. KEY RESULTS: Among contacts with prior positive TST results, 39 (1.3 %) developed active TB disease ≤ 4 years after exposure (≤2 years: 34). Risk factors for contacts that were independently associated with TB were age < 5 years (adjusted prevalence ratio [aPR]=19.48; 95 % confidence interval [CI]=7.15-53.09), household exposure (aPR=2.60;CI=1.30-5.21), exposure to infectious patients (i.e., cavities on chest radiograph, acid-fast bacilli on sputum smear; aPR=1.9 3;CI=1.01-3.71), and exposure to a U.S.-born index patient (aPR=4.04; CI=1.95-8.38). Receipt of more than1 month of treatment for latent TB infection following the current contact investigation was found to be protective (aPR=0.27; CI=0.08-0.93). Genotype results were concordant with the index patients among 14 of 15 contacts who developed active TB disease and had genotyping results available. CONCLUSIONS: Concordant genotype results and a high proportion of contacts developing active TB disease within 2 years of exposure indicate that those with prior positive TST results likely developed active TB disease from recent rather than remote infection. Healthcare providers should consider prophylaxis for contacts with prior TB infection, especially young children and close contacts of TB patients (e.g., those with household exposure).
INTRODUCTION
Contact investigation has been shown to be an effective tuberculosis (TB) control strategy used by public health departments, 1,2 incorporating goals that include active case findings and completion of treatment for newly infected contacts in order to prevent future TB cases. Approximately half of newly infected contacts develop active TB disease within 2-3 years of infection, 3 and as such guidelines recommend prophylaxis for contacts who have a new positive test for TB infection (also referred to as latent TB infection). 4, 5 However, contacts identified during a contact investigation may also have a history of a prior positive tuberculin skin test (TST) result; one study found that 10 % of contacts had a prior positive TST. 6 Until recently, the risk for such individuals to develop active TB disease was unknown, 7 and guidelines do not make specific treatment recommendations for contacts with a prior positive TST, except to state that decisions to treat must be individualized. 1 The challenge of evaluating contacts with a prior positive TST result is of particular concern to health departments that serve communities with substantial foreign-born populations, such New York City (NYC).
8 Foreign-born persons presenting to NYC Department of Health and Mental Hygiene (DOHMH) chest clinics are four times as likely to have a positive TST result as U.S.-born individuals (39.5 % vs. 8.8 %). 9 A recent NYC DOHMH study found that persons with a prior positive TST result were 30 times more likely to have active TB disease identified during contact investigation compared to contacts with negative TST results. 7 This unexpected finding demonstrated the possibility of new infection among contacts with a prior positive TST result and revealed a potential opportunity to prevent additional cases of active TB disease by identifying and treating those contacts at high risk for active TB disease.
We conducted a retrospective cohort study to determine contact and corresponding index patient characteristics that were associated with developing active TB disease among contacts with a prior positive TST and to investigate whether active TB disease among contacts with a prior positive TST might be attributable to the exposure under current investigation rather than previous exposure.
METHODS

Study Population
This analysis is part of a larger study evaluating the effectiveness of contact investigation in reducing the incidence of TB. As described in the previous study, 36,606 contacts of 5,731 persons with infectious TB disease from 1997-2003 were identified from the NYC TB registry (Fig. 1) . 7 An index patient was defined as the person with confirmed infectious TB reported to the NYC DOHMH. Contacts were persons named during contact investigation of an infectious TB patient who was exposed during the infectious period. TB patients were classified as having infectious TB if their sputum was either acid-fast bacilli (AFB) smear-positive or culturepositive for Mycobacterium tuberculosis complex. The infectious period was defined as 3 months before the index patient started anti-TB treatment, based on guidelines for contact investigations established by the NYC DOHMH and the Centers for Disease Control and Prevention (CDC). 1, 10 Contacts were excluded from analysis if they lived or had relocated outside NYC, died during contact investigation, had an unknown date of birth, had health care-associated exposure, were exposed to an index patient < 5 years of age, had multidrug-resistant TB, or had received treatment for active TB disease ≤1 year before the index patient's diagnosis. For persons identified as a contact multiple times during the study period, the most recent exposure and evaluation outcome was used in the analysis. After exclusions, 30,561 contacts of 5,182 persons with infectious TB remained. As described previously, all contacts were cross-referenced with the TB registry from January 1, 1997 through December 31, 2007, in order to identify those who either had active TB disease at the time of contact investigation or subsequently developed active TB disease within 4 years of the index patient's date of diagnosis. Follow-up time was restricted to 4 years in order to maintain consistency with the parent study. 7 The final study population included the 2,933 (10 %) contacts (of 1,740 persons with infectious TB) with evidence of a prior positive TST result at the time of contact investigation. Contacts were classified as having a prior positive TST if they had a positive TST documented in the TB registry prior to the index patient's infectious period, provided documentation of a prior positive TST result during the contact investigation, or provided a history compatible with a prior diagnosis of TB infection (e.g., previous treatment for TB infection). In addition to the exclusions made by the parent study (described previously), the current study also excluded contacts with a history of prior active TB disease.
This study was approved by the NYC DOHMH Institutional Review Board and was given a non-humansubject research determination by the CDC. 
Data Analysis and Statistical Methods
Demographic, clinical, laboratory, treatment, and exposure information for index patients and contacts was obtained from the NYC TB registry. The number of contacts developing active TB disease ≤ 4 years after the index patient's diagnosis was divided by the total number of contacts with a prior positive TST result in order to determine the period prevalence for active TB disease. Risk factors among contacts for developing active TB disease were identified using Poisson regression analysis with generalized estimating equations to calculate unadjusted and adjusted prevalence ratios (PRs and aPRs, respectively) and 95 % confidence intervals (CIs) for contact and corresponding index patient characteristics. We estimated prevalence ratios rather than risk ratios, which are based on incidence, because we did not distinguish between contacts having active TB disease at the time of the contact investigation (i.e., a prevalent TB case) from contacts who developed active TB disease after the contact investigation (i.e., an incident case). To assess characteristics independently associated with active TB disease, the regression model included the following variables (determined a priori), along with any contact or index patient variables significantly (P<0.05) associated with active TB disease in the unadjusted analysis: age at time of contact investigation (<5 versus ≥5 years), household versus non-household setting of exposure to index patient, treatment for TB infection as part of the contact investigation (defined as >1 month of chemoprophylaxis for TB infection), and exposure to a more infectious index patient (defined as cavities on chest radiograph or presence of AFB on sputum smear). Although place of birth and human immunodeficiency virus (HIV) status are recognized as important factors for developing active TB disease, these variables were not included in the final multivariable regression model due to substantial missing data.
Where available, genotype results among contacts who developed active TB disease and the corresponding index case patient (case-pair) were reviewed to assess whether transmission between the index patient and contact was plausible. Since 2001, genotyping has been performed in NYC on all initial M. tuberculosis culture-positive isolates using IS6110 restriction fragment length polymorphism (RFLP) analysis and spacer oligonucleotide typing (spoligotyping). Before 2001, genotyping was performed on isolates from selected TB patients. 11 For purposes of this analysis, genotype results were defined as concordant between members of a case-pair if RFLP and spoligotype patterns matched exactly or if the RFLP patterns matched exactly but spoligotype results were unavailable. To account for the possibility of spontaneous bacterial mutation events before or after transmission, genotype results were also considered concordant if no more than a one-band RFLP difference existed between case-pair isolates (i.e., near-match) that had exactly matching spoligotype patterns and when subsequent review by the genotyping laboratory confirmed the plausibility of direct transmission on the basis of RFLP pattern similarity.
12,13
RESULTS
Among 2,933 contacts with a prior positive TST result identified in NYC, a total of 39 (1.3 %) developed active TB disease ≤ 4 years after the index patient's diagnosis date. Of these, 34 (87 %) developed active TB disease ≤2 years after the index patient's diagnosis, and 23 (59 %) developed active TB disease < 9 months after the index patient's diagnosis.
Among contacts with a prior positive TST result (Table 1) , 60 % were female and 80 % were aged 18-64 years at the time of contact investigation. Nearly half (45 %) of contacts were foreign-born; however, the country of birth was unknown for one-third of the contacts. HIV status was unknown for 90 % of contacts, 9 % were reported as HIV-uninfected, and 1 % were reported as HIV-infected. Approximately half of the contacts (48 %) were exposed in a household setting, whereas the others (52 %) were exposed in congregate settings (e.g., schools or work). Of the 642 (22 %) contacts who received at least 1 month of treatment for TB infection after evaluation during the contact investigation, 574 (89 %) used isoniazid and 61 (10 %) used rifampin. Among contacts initiating TB infection treatment, 353 (55 %) completed the full treatment course (53 % who received isoniazid, 72 % who received rifampin).
Of the 39 contacts with a prior positive TST results who developed active TB disease, 11 (28 %) were foreign-born (Table 1) . Of the eight foreign-born contacts with a known date of entry into the U.S., four developed active TB disease ≤5 years after entry (including one at the time of entry), whereas four had active TB disease > 13 years after entry (data not shown).
In terms of index patient characteristics (Table 1) , 62 % percent of contacts were exposed to a foreign-born index patient, and 20 % of contacts were known to be exposed to an HIV-infected index patient. Among the 32 contact-index patient pairs where country of birth was known for both parties, the country of birth was the same in 24 (75 %) pairs (data not shown). With regard to social risk factors, 14 % of contacts were exposed to an index patient with a history of illegal drug use, and 7 % were exposed to an index patient with a history of homelessness. Lastly, 33 % of contacts were exposed to an index patient with evidence of increased infectiousness.
Risk factors associated with active TB disease among contacts with a prior positive TST result, calculated using univariate analysis, included age < 5 years, U.S. birth, household exposure to the index patient, HIV infection, exposure to a U.S.-born index patient, and exposure to an index patient with a history of homelessness ( Table 1) . Receipt of ≥1 month of treatment for TB infection as part of the contact investigation protected contacts from developing active TB disease, even if the treatment was incomplete. Of the three contacts who received ≥ 1 month of treatment for latent tuberculosis infection (LTBI) and who developed active TB disease, one completed a full course of treatment.
In addition to the a priori-determined characteristics, the multivariate model included exposure to an index patient with a history of homelessness and exposure to a U.S.-born index patient ( Table 1 ). The following risk factors were independently associated with developing active TB disease among contacts: age < 5 years (aPR=19.48; CI=7.15-53.09), exposure in a household setting (aPR=2.60; CI=1.30-5.21), exposure to a more infectious index patient (aPR=1.93; CI=1.01-3.71), and exposure to a U.S.-born index patient (aPR=4.04; CI=1.95-8.38). The protective effect of receiving ≥ 1 month of treatment for TB infection remained significant (aPR=0.27; CI=0.08-0.93). Contacts who developed active TB disease within 9 months of their index patient's diagnosis may not have had an opportunity to initiate treatment for TB infection, and so a sensitivity analysis was conducted to further evaluate this protective effect. When analysis was limited to the 16 contacts who developed active TB disease after 9 months, the protective effect of receiving ≥1 month of treatment for TB infection was no longer statistically significant in either the unadjusted (PR=0.81; CI=0.23-2.83) or adjusted (aPR=1.08; CI=0.32-3.62) analyses. Cavitary lesion on chest radiograph or sputum smear-positive for acid-fast bacilli
Genotype results were available for 15 (39 %) contacts who developed active TB disease and their corresponding index patients (Table 2 ); 14 (93 %) case-pairs had concordant genotypes (three pairs by RFLP alone; seven pairs with matching RFLP and spoligotype; and four pairs with matching spoligotype and near-matching RFLP). The three case-pairs that were concordant by RFLP alone had patterns with ≥ 10 bands. Among the 14 case-pairs with concordant genotypes, 10 (71 %) contacts had household exposure to the index patient. For the discordant case-pair, the contact was a Haitian-born worksite contact of a Bangladesh-born index patient.
DISCUSSION
This study demonstrated that, for contacts with prior positive TST results, the risk for developing active TB disease ≤ 4 years after exposure to an index patient was 1.3 %, and 87 % of those contacts developed active TB disease within 2 years of exposure. Contacts who were < 5 years of age at the time of exposure, had household exposure, or were exposed to a more infectious index patient were at increased risk of developing active TB disease. Contacts who received ≥ 1 month of treatment for TB infection during the contact investigation were protected against developing active disease. However, this protective effect may be overestimated, as prevalent cases (i.e., those who developed active disease < 9 months after exposure) who did not have an opportunity to initiate treatment for TB infection were included among contacts not receiving treatment. When the analysis was limited to only incident cases (i.e., those developing active disease > 9 months after exposure), the protective effect of treatment was no longer statistically significant, albeit the sample size was small. Our finding supporting the beneficial effect of initiating treatment is consistent with results in the parent study. 7 Further research is necessary to evaluate the magnitude of this protective effect.
Current recommendations assume that persons with prior positive TST results developed TB infection prior to the current contact investigation; however, guidelines acknowledge that risk for active TB disease after repeat exposure is undetermined.
1,2 Our findings indicate that active TB disease among contacts with prior positive TST results likely resulted from recent exposure rather than reactivation of remote infection. The majority of contacts experiencing active TB disease were exposed to the index patient in a household setting and developed TB disease within 2 years of exposure, consistent with evidence that the period of highest risk for developing active TB disease is shortly after exposure. 3, 14 Additionally, genotype results were concordant for 93 % of the case-pairs with genotyping data. Matching genotype results-especially in the presence of strong epidemiologic links-is routinely interpreted in research and in public health practice as evidence of transmission. Genotype concordance between casepairs does not definitively prove transmission, because they might have shared a common exposure or been independently infected by different persons with the same M. tuberculosis strain. (Multiple case-pairs in our study received a diagnosis of active TB disease within months of each other, for example, which may be indicative of prevalent TB acquired from a common source; alternately, the index patient might have been identified first despite earlier disease onset in the contact patient).
These results support current NYC DOHMH guidelines outlining criteria for determining contacts who should be referred for medical evaluation. Specifically, NYC guidelines recommend referring all contacts < 5 years of age and those with HIV infection for evaluation and treatment of TB infection, regardless of TST status, as they are known to be at high risk for active TB. 5 For contacts with a prior positive TST, NYC guidelines recommend medical evaluation for individuals who are symptomatic, for those who have substantial exposure (≥8 hours/week) to a person with highly infectious pulmonary or laryngeal TB, or when definitive transmission is observed. In addition, our results indicate that all contacts with a prior positive TST who were exposed in a household setting should be considered for medical evaluation and treatment, regardless of prior TST status.
This study has certain limitations. It is a retrospective analysis of data collected for public health practice; information on certain TB risk factors (e.g., HIV and country of birth) was unknown for a substantial proportion of contacts. In addition, we did not compare risk factors for active TB disease between contacts with prior positive TST results and those with negative TST results. Therefore, it is possible that differences in the prevalence of risk factors between the two groups could partially account for the elevated risk for active TB disease observed among contacts with a prior positive TST result. Third, active TB disease occurring among contacts who moved away from NYC after the contact investigation or who reported a history of TB infection but whose TST status was unknown or undocumented at the time of contact investigation were excluded from the present analysis, possibly resulting in a lower prevalence estimate. Genotyping data was only available for a subset of index case and contact case-pairs, and because genotyping was not universal before 2001, the proportion of cases with missing results was not evenly distributed over the study period. Finally, a substantial proportion of contacts were born outside the U.S. and may have received the bacillus Calmette-Guérin (BCG) vaccine, which could have resulted in a false-positive TST result. It is important to note that CDC guidelines recommend interpreting a positive TST in a foreign-born or BCGvaccinated person as evidence of TB infection, and to evaluate/treat accordingly. 1 The study also has considerable strengths. To our knowledge, this is the first study evaluating the risk for active TB disease among contacts with a prior positive TST result. NYC is one of the few jurisdictions with an electronic registry that has systematically collected information on both TB index patients and contacts for decades. The substantial number of contacts and index patients in our study provided the statistical power needed to identify potential risk factors among this cohort. The availability of genotype data enabled us to assess plausibility of transmission between a subset of contact case and index case-pairs.
Our results are consistent with previous studies demonstrating that the risk for active TB disease among contacts with a prior positive TST result is elevated compared to those with a negative TST result. 15, 16 It is not likely that all contacts with prior positive TST results acquired a new TB infection, which could explain their lower risk for active TB disease compared with contacts with a new positive TST. Therefore, it is possible that the risk for active TB disease among contacts with a new TB infection is similar, regardless of TST status. Because existing diagnostic tests cannot distinguish active TB infection caused by a prior exposure from a new infection caused by recent exposure, physicians should consider prophylaxis for contacts with prior TB infection, especially young children and those with close contact to TB patients (e.g., household exposure).
